This article presents, summarizes, and interprets the most recent advances in the study and understanding of the lamina cribrosa in glaucoma, in the context of previous work.
INTRODUCTION
Glaucoma is an optic neuropathy resulting primarily from the damage to retinal ganglion cell (RGC) axons as they exit the eye at the optic nerve head (ONH). Although there may be other primary or secondary factors in the retina and brain that contribute to RGC axonal damage and loss, the preponderance of evidence suggests that the laminar region of the ONH is a principal site of insult. The lamina cribrosa is a fenestrated, three-dimensional (3D) network of load-bearing trabeculae, many of which contain capillaries, that provides structural and nutrient support to the RGC axons as they leave the eye on their path to the brain. From a biomechanical perspective, the lamina cribrosa is a weak spot in an otherwise robust pressure vessel, the corneoscleral envelope. This arises from the fact that the lamina cribrosa is only approximately one-third the thickness of the sclera at the scleral canal, and its load-bearing connective tissue components only comprise about 40% of the tissue volume in the laminar region of the ONH. Thus, the lamina cribrosa is tasked with the conflicting functions of providing structural support to the ONH by withstanding intraocular pressure (IOP)-related mechanical strain, or local deformation, while also allowing the axons an open pathway to leave the eye. The 3D lamina cribrosa trabecular structure also contains the vascular capillaries that nourish the axons and cells in the laminar region, so resisting high mechanical strains that may reduce vessel lumen size and blood flow is paramount as well (Fig. 1 ).
THE LAMINA CRIBROSA AS A BIOMECHANICAL STRUCTURE
The lamina cribrosa is protected somewhat from mechanical strain by the large circumpapillary ring of collagen and elastin fibers in the immediate peripapillary sclera, which serves as a reinforcement against excessive IOP-induced scleral canal expansion and the resulting lamina cribrosa stretch [1, 2] . It is within this paradigm that recent studies have confirmed that the net displacement of the lamina cribrosa in response to IOP elevation can be either inward or outward [3] , depending largely on the initial position of the lamina cribrosa and the structural stiffness of the surrounding peripapillary sclera. However, while the overall inward or outward displacement of the lamina cribrosa may be minimal, the overall mechanical strain in the lamina cribrosa can be quite substantial, as even small scleral canal expansion will pull the lamina cribrosa radially and impart significant tensile strain [4] . The cells (astrocytes and lamina cribrosa cells) can sense strain through integrin receptors that tie their cytoskeletons directly to the adjacent fibrillar extracellular matrix (ECM) [5] , and are therefore exquisitely sensitive to changes in the local biomechanical strain environment.
LAMINAR AND OPTIC NERVE HEAD REMODELING IN HEALTH AND DISEASE
ONH biomechanics change and adapt constantly with natural physiologic processes such as aging, wherein age-related glycation crosslinking of the fibrillar ECM increases the structural stiffness of both the sclera [2] and lamina cribrosa [6] . Also, recent studies suggest that racial differences in the magnitude and extent of age-related scleral stiffening in the posterior pole further complicate these relationships [7] . Finally, emerging evidence suggests that chronic exposure to elevated IOP may also spur remodeling-based stiffening of the sclera [8] and lamina cribrosa [9] , presumably driven by cellular responses to elevated strain [10] . Connective tissue remodeling cascades in scleral fibroblasts and lamina cribrosa cells/astrocytes are preferentially activated in response to cyclic strain [11] [12] [13] 14 & ], analogous to IOP transients, which have been measured in both humans and animals. In summary, the ONH reacts to IOP and its transients as a structural system, and the resulting strains are wholly dependent on the structural characteristics of the individual eye. The structural stiffness of the ONH is always changing however, with age and IOPrelated strain history, both of which are confounded
KEY POINTS
The lamina cribrosa is a complex 3D structure that is tasked with the conflicting functions of providing structural support to the ONH by withstanding IOPrelated mechanical strain, while also providing an open pathway for the RGC axons to leave the eye.
The lamina cribrosa is subjected to a constant barrage of IOP and CSFP transients, which drive cyclical strain in the ONH through a complex interplay between laminar and scleral morphology and structural stiffness.
The lamina cribrosa remodels in response to both physiologic and pathophysiologic stimuli, which can manifest as both focal laminar defects and more generalized alterations in laminar beam thickness and pore morphology.
Changes in laminar morphology and focal laminar defects have been definitely linked to focal retinal nerve fiber layer defects and visual field loss, but there is less spatial correspondence with disk hemorrhages.
Clinical imaging technology can be used to assess laminar morphology at the macro-scale and microscale, and detection of both focal and global changes laminar structure show great promise as eye-specific biomarkers for glaucoma susceptibility, onset, and progression. FIGURE 1. A high-resolution three-dimensional (3D) reconstruction of the lamina cribrosa from a human donor eye. The fluorescent histologic reconstruction was created using a custom, automated, microtome-based episcopic fluorescent image capture device that images the embedded ONH tissue block face after each thin section is cut away, thereby capturing the lamina cribrosa structure in an image volume at 1.5 Â 1.5 Â 1.5 mm voxel resolution. Regional differences in laminar density and beam orientation are evident. Callouts show the laminar microstructure (top), the typical mechanical strain in the laminar microstructure in response to an IOP elevation from 10 to 45 mmHg as estimated by a computational model (middle), and the Factin (red) and aSMA (green) in activated fibroblastic cells that engender lamina cribrosa remodeling after cyclic strain is applied (bottom). IOP, intraocular pressure; ONH, optic nerve head.
with racial background and other ocular coat stiffness-related comorbidities such as diabetes and myopia.
PRESSURES EFFECTING THE OPTIC NERVE HEAD AND LAMINA CRIBROSA
Although IOP is the primary driver of ocular biomechanics, the retrolaminar tissue pressure exerted by the cerebrospinal fluid pressure (CSFP) surrounding the optic nerve serves to counterbalance IOP at the lamina cribrosa to some degree [15 & ]. Hence, the mechanical stress, or force distribution, in the lamina cribrosa is a combination of direct IOP-related forces acting on its inner surface, counteracted by CSFP-related retrolaminar tissue pressure acting on its outer surface, and the IOP-related forces imparted by the sclera at the lamina cribrosa insertion. Lamina cribrosa strains are therefore very complex, arising from the interactions of multiple forces, all mediated by the 3D geometry and local directional stiffness of the lamina cribrosa trabeculae themselves [16, 17, 18 && ].
INTRAOCULAR PRESSURE FLUCTUATIONS
In terms of IOP, emerging evidence suggests that IOP is extremely variable [19, 20] , resulting from transient increases due to blink, saccade, and ocular pulse amplitude (cyclical increases in IOP due to vascular filling). Studies of IOP 'fluctuation' in glaucoma have focused solely on changes of mean IOP, whether analyzed over short time periods (hourly for 24 h at most frequent), or longer periods such as the differences between IOPs measured during clinic visits months apart. These studies have yielded equivocal results, with some suggesting that mean IOP fluctuation is correlated with glaucoma progression [21, 22] , and others not finding a relationship [23] [24] [25] . All of these previous studies have relied on snapshot measurements of mean IOP however, which totally ignore the transient fluctuations in IOP that occur on shorter timescales of milliseconds to minutes. Although it might seem counterintuitive that these transient IOP fluctuations could cause damage because they occur constantly in all eyes, the cells in the ONH are much more tuned to react to these short-term transients than to slow changes in mean IOP. Given that the biomechanical strain in the lamina cribrosa is a complex derivative of eye-specific morphology and tissue stiffness, it is reasonable that transient IOP-related strains will be high in some eyes, even at normal levels of mean IOP. Hence, IOP transient reduction or damping may prove to be a new therapeutic pathway for glaucoma treatment.
CELLULAR BASIS OF OCULAR CONNECTIVE TISSUE REMODELING
Studies of cells from the lamina cribrosa and sclera indicate that both larger strains and/or higher frequency strain cycling engender cellular changes that are consistent with ECM remodeling [14 & ,26,27] . These same effects are seen in other collagenous soft tissues [28 && ], and support the notion that IOP transients play an important role in the connective tissue remodeling signaling cascade. In addition, changes in ocular coat stiffness affect the magnitude of IOP transients [29] , insofar as the eye is an elastic pressure vessel that can expand and contract to absorb some of the energy associated with transient events such as blink, saccade, and vascular pulse. Stiffer ocular coats can absorb less energy, so stiffer ocular coats engender larger IOP transients. IOP transients should therefore be larger in the stiffer eyes of the elderly [30] , persons of African heritage [7] , and those eyes that have been chronically exposed to elevated IOP [31, 32] , and hence the ONH and lamina cribrosa in their eyes will be subjected to greater cyclical biomechanical insult. Larger IOP transients in these at-risk populations would occur at all IOP levels, and persist after IOP lowering in glaucoma patients, which may play a role in glaucoma risk. Clinical studies have not been done to link IOP transients with glaucoma pathogenesis or progression because continuous IOP measurement is not yet possible in humans. Ongoing studies in nonhuman primates (NHPs) instrumented with implantable wireless telemetry devices that measure IOP continuously will test these hypotheses.
GLAUCOMATOUS REMODELING OF THE OPTIC NERVE HEAD
Previous studies in both humans and animal models with an analogous collagenous lamina cribrosa microstructure have demonstrated that glaucoma, in stark contrast with other optic neuropathies [33 & ,34] , generally involves progressive cupping and excavation of both the prelaminar neural tissues and the underlying lamina cribrosa [4, 35, 36] . Hence, even though individual eyes exhibit a wide range of susceptibility to IOP, biomechanics-driven lamina cribrosa remodeling is a central feature of the disease. Until recently, studies of this remodeling process were limited to postmortem histology in human eyes, as there were no methods available to assess progressive glaucomatous changes in the lamina cribrosa macro-architecture or micro-architecture in vivo. Work in NHPs has been the mainstay of this effort, wherein unilateral experimental glaucoma can be induced and then monitored frequently with surface topography imaging approaches until endpoint, with immediate postmortem histology [37] . In addition, glaucoma induced by elevated IOP in NHPs progresses much more quickly (3-18 months post IOP elevation) than human disease (5þ years), so longitudinal studies beginning with a normal eye and progressing through severe glaucoma can be performed in less time.
IN-VIVO ASSESSMENT OF LAMINA CRIBROSA REMODELING IN GLAUCOMA
A rapidly progressing inducible animal model of glaucoma with ONH and lamina cribrosa structures similar to humans has become increasingly important with the rapid advances in optical coherence tomography (OCT), adaptive optics, hyperspectral imaging, and other noninvasive approaches that translate to the clinic. Many of these technologies allow deep imaging of the lamina cribrosa structure that provide an anterior-to-posterior optical section through the ONH, which is not possible with more mature techniques such as optic disc photography or surface topography measurement. Significant improvements in these new technologies come to market every year or two, which effectively limits longitudinal studies to timeframes much shorter than the 5-10-year follow-up period typical in human studies of progressive glaucoma. Hence, NHP studies are critical to evaluate these evolving technologies in a timely manner to identify the most promising glaucoma biomarkers and speed clinical study and adoption.
OCT has matured somewhat and the instrument upgrade cycle is lengthening, so it is now being used in cross-sectional human glaucoma studies, and some shorter duration longitudinal studies have reached endpoint and subsequent publication. These studies fall in several general categories: studies showing which ONH morphological features are associated with glaucoma and/or functional progression, studies showing that focal lamina cribrosa changes or defects are associated with focal glaucoma visual field loss, and studies showing which features of the lamina cribrosa microarchitecture are associated with glaucoma and which changes in lamina cribrosa microarchitecture one observes with glaucoma progression. Finally, there have been several recent studies that have evaluated the ONH mechanical response, essentially observations of ONH and/or lamina cribrosa biomechanical behavior, in response to acute or short-term IOP changes.
GLAUCOMATOUS CHANGES IN LAMINA CRIBROSA MORPHOLOGY
Recent OCT-based studies of ONH and laminar morphology have generally focused on the changes in prelaminar neural tissue thickness and lamina cribrosa position, shape and thickness in glaucoma eyes versus normal controls, with a few exceptions. One of the more interesting studies involved asymmetric glaucoma patients in which one eye had more severe glaucoma with associated visual field defects, and the fellow eye showed no visual field loss [38 && ]. Under the assumption that both ONHs within an individual patient begin as normal and ONH change in glaucoma is progressive, this study showed that prelaminar tissue is thinner and the lamina cribrosa is more posteriorly located in the more severely affected eye, and versus normal eyes in a healthy cohort as well [38 && ]. This result matched several other studies showing that lamina cribrosa depth was more posterior in glaucoma eyes in general compared with normal eyes [39 & ], and differentially more posterior in glaucoma eyes that presented with elevated IOP than those that presented with IOP in the normal range [40 && ]. Not only was the average or maximum lamina cribrosa depth more posterior in glaucoma eyes, but the peripheral lamina cribrosa and lamina cribrosa insertion was more posterior in glaucoma eyes as well, and the magnitude of peripheral lamina cribrosa depth was associated with visual field loss [41
&&
]. This result indicates that the lamina cribrosa migrates posteriorly in glaucoma as is seen in NHPs [42], or that eyes in which the lamina cribrosa is located more posteriorly in the scleral canal are predisposed to glaucoma. These studies are generally cross-sectional in nature, and so do not address the glaucoma related changes in the ONH or lamina cribrosa over time, but instead focus on the morphological features in glaucoma eyes versus controls. A recent longitudinal study in NHPs investigated the effect of age on lamina cribrosa morphology change in unilateral experimental glaucoma, and found that eyes from older animals exhibited less lamina cribrosa depth change than eyes from younger animals with similar levels of elevated IOP and axonal loss [9] ; this study suggests that age and potentially other factors such as racial heritage that affect lamina cribrosa stiffness play a role in how the lamina cribrosa remodels in glaucoma. Characterization of progressive change in human lamina cribrosa morphology with glaucoma and how aging and racial heritage interact with those changes await additional longitudinal investigation.
There are several recent studies that investigated the change in ONH morphology after surgical IOP lowering or in response to acute IOP elevation. These studies assess the reversal of lamina cribrosa cupping, and/or assess the mechanical compliance of the ONH in vivo. In one recent longitudinal study of 34 Korean glaucoma patients, lamina cribrosa depth was assessed before an average IOP reduction of 13 mmHg from their preoperative IOP, and 6 months and 2.5 years postsurgery. Lamina cribrosa depth was reduced significantly at both follow-up visits, which indicates that lamina cribrosa cupping was reversed after IOP lowering, and that reversal was largely sustained over time. The rate of postoperative retinal nerve fiber layer (RNFL) thinning was significantly slower in those patients in whom IOP did not rise and lamina cribrosa depth retained its more anterior postsurgical position at the 2. ] studied the mechanical response of the ONH to acute IOP elevation of $20 mmHg via ophthalmodynamometry, and found that lamina cribrosa depth was not significantly increased in normal, glaucoma, or ocular hypertensive eyes upon IOP elevation; the 3D shape of the lamina cribrosa did change significantly however, which indicates that the lamina cribrosa's mechanical response is very complex and full 3D analysis may be necessary to fully capture ONH morphological change with IOP change and/or disease [45 & ]. To this end, Girard et al. [46] used an OCT volumetric image mapping approach to calculate the mechanical strain relief in the visible portions of the prelaminar and laminar tissues following surgical IOP reduction. Not surprisingly, tissue strain relief after IOP lowering was significant but very variable between patients, suggesting eye-specific responses, but was not associated with the magnitude of IOP lowering; the eyes with the highest strain relief, that is, the largest local morphological change after IOP lowering, exhibited the highest visual field loss [47 && ]. This is supported by recent evidence in NHPs with induced experimental glaucoma, which has shown that the sclera and lamina cribrosa can become more compliant in the earliest detectable stages of glaucoma. [48 && ], although no further analysis was done to associate increased compliance with axon or visual field loss in these animals.
GLAUCOMATOUS CHANGES IN LAMINA CRIBROSA MICROARCHITECTURE
In-vivo OCT imaging has also revealed that the lamina cribrosa is not a uniform fenestrated structure, but can exhibit focal defects including holes, pits, scleral disinsertions, and other features [49] . This is important from a structural and biomechanical standpoint, as local laminar strain is correlated with local laminar density [50] . Focal laminar defects have recently been associated with disk hemorrhages [51, 52 & ,53 & ] and RNFL defects [54] in glaucoma patients, which suggests that focal damage or remodeling of the lamina cribrosa trabeculae may underlie many of the focal RNFL defects and resulting visual field scotomas in glaucoma. Global changes in the laminar microarchitecture have also been reported in recent NHP studies, including lamina cribrosa pore enlargement and increased laminar region volume and laminar connective tissue volume in glaucoma eyes compared with their fellow control eyes [55 & ]. Hence, while focal defects are detectable clinically in human glaucoma, postmortem studies of NHP glaucoma eyes using high-resolution 3D reconstructions of the lamina cribrosa reveal widespread remodeling of the laminar trabeculae as well. Higher resolution OCT imaging, including adaptive optics (AO) imaging, is now being used to detect these subtle widespread changes in laminar trabeculae and pore morphology associated with glaucoma in patients [56, 57] .
CONCLUSION
It is clear from recent studies that lamina cribrosa morphology and structural stiffness changes markedly in glaucoma beginning early in the disease process, and those changes are confounded with age and potentially racial heritage. Further, the IOP-related mechanical response of the lamina cribrosa is extremely complex, and is dependent on eye-specific lamina cribrosa morphology and stiffness [50] , scleral stiffness [58 && ], and the level of CSFP [59 & ]. Further studies are needed to fully elucidate the best biomarkers of laminar biomechanics, morphological change, blood flow, and cellular activity and their relationship to glaucoma pathogenesis and progression. This study showed that the lamina cribrosa is more curved in glaucoma eye compared with normal controls, which demostrated the structural underpinnings of glaucomatous lamina cribrosa cupping. 40.
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